Erbium (Er) ion doped silica materials have attracted widespread attention based on their potential applications in optical amplifiers for fiber communications and silicon photonics. 1 Er 3þ ions exhibit a sharp emission line at 1.54 lm, which corresponds to the minimum loss band of silica based optical fibers. Doping with fluorescent rare earth ions also provides a path to realize Si-based light emitters, which are essential to monolithic integration. Unfortunately, the small excitation cross-section of Er 3þ ions in a SiO 2 matrix leads to insufficient emission efficiencies of these materials. A proven effective strategy to overcome this problem is co-doping with semiconductor nanocrystals (NCs), such as silicon, 2 zinc oxide (ZnO), 3 or tin oxide (SnO 2 ). 4 This approach relies on the ability of the NCs to transfer energy to nearby Er 3þ ions. These co-doped NCs have relatively large absorption cross-sections for incident light of appropriate wavelength, due to their efficient band-to-band transitions. The optimal absorbed photon energy depends upon the NC band-gap energy, which is tunable by adjusting NC size in the quantum confinement regime. The absorbed energy is transferred to nearby Er 3þ ions through F€ orster resonance energy transfer (FRET), enhancing the infrared Er 3þ -related emission. In this work, silica films co-doped with Er 3þ ions and indium oxide (In 2 O 3 ) NCs were fabricated by a sol-gel approach and subsequent thermal treatment. 5 Sol-gel processing introduces several advantages in fabrication of rare-earth (RE) doped silica films, including a high degree of homogeneity of the formed SiO 2 matrix, uniform distribution of dopants, precise control of the dopant concentrations, and relatively low fabrication temperature compared to traditional melting processes. In 2 O 3 NCs were selected as a sensitizer for Er 3þ ions for the following reasons: (1) In 2 O 3 is a wide-band-gap semiconductor with a direct band-gap of 3.6 eV. 6 The mismatch between Er 3þ excited state ( C. The resulting wet gel was spin-coated onto clean intrinsic silicon substrates then dehydrated at 400 C to form a compact amorphous silica film. The films were further annealed at up to 1000 C in air to reduce the concentration of residual hydroxyl groups. Crystalline In 2 O 3 clusters formed and grew in situ during the post-anneal process by decomposition of In(NO 3 ) 3 . naming convention is used throughout the remainder of the manuscript. After annealed at 900 C for 2 h, spherical crystalline clusters with an average size of 3 nm in diameter can be seen discretely embedded in the amorphous silica matrix. Fig. 1 (b) demonstrates their size distribution. X-ray diffraction (XRD) was used to further determine microstructures of the 78SiO 2 -20In:2Er sample, as shown in Fig. 1(c) . The patterns for films annealed at 600 to 900 C exhibit peaks that can be assigned to cubic phase In 2 O 3 crystals. Increasing the annealing temperature resulted in narrowing of these peaks, which reflects growth of the NCs. The XRD pattern from the sample annealed at 1000 C shows the presence of another phase corresponding to a Si-In-O compound, indicating the deterioration of individual In 2 O 3 NC structures. The decrease in residual hydroxyl group concentration in the silica matrix after annealing was assessed by Fourier transform infrared (FTIR) spectroscopy ( Fig. 1(d) ). The broad -OH stretching band centered at 3500 cm À1 diminishes in relative intensity with increasing annealing temperature and is absent after annealing at 900 C. Fig. 2(a) is the room temperature PL spectrum of the 78SiO 2 -20In:2Er sample after annealing at 900 C. As seen in the bottom curve, several discrete emission peaks related to Er 3þ ions are excited by 315 nm UV light. 9 So we ascribe them to the band-to-band transition in In 2 O 3 NCs whose band-gaps are enlarged by quantum confinement. The inset shows the annealing temperature dependence of these PL intensities. The intensity of 1540 nm Er 3þ -related emission increases with increasing annealing temperature, and reaches its maximum for annealing at 900
C. This increased intensity is attributed to elimination of hydroxyl groups and increased crystallinity of In 2 O 3 NCs, as shown by the XRD patterns and FTIR spectra in Fig. 1 . The decline after 900 C is ascribed to the appearance of the Si-In-O phase, indicating that 900 C is the optimal annealing temperature for the In 2 O 3 -doped silica films. All the samples discussed below were annealed at 900 C, unless explicitly stated otherwise. The intensity of 610 nm emission demonstrates a similar enhancement but was maximized at 800 C. The 610 nm In 2 O 3 -related emission is not only quenched by -OH groups but also by FRET to surrounding Er 3þ ions, which becomes more efficient with increasing annealing temperature. Consequently, we believe that in going from 800 to 900 C annealing temperature, increased FRET to Er 3þ dominates the effects of decreased -OH concentration and increased In 2 O 3 crystallinity. Fig. 3 . They are both found to decrease strongly with increasing temperature from 60 to 300 K. This thermally activated PL quenching is attributed to phonon-assisted nonradiative recombination. In this model, the observed PL intensities should follow the following modified Arrhenius equation:
where I VIS0 is the low temperature intensity, k nr1 and k r are the decay rate of dominant nonradiative recombination at T ! 1 and the decay rate of radiative recombination, which are temperature-independent, E act is the activation energy of the nonradiative recombination process, and k is Bolzmann's constant.
As shown in the inset, the plots of (I VIS0 /I VIS À 1) vs. 1/T for In 2 O 3 -related PL intensity, with and without erbium, produced straight lines. This implies that the proposed model describes the experimental phenomenon quite well in the range of 60-300 K. The activation energy values derived from slopes are E act $ 44 meV for the Er 3þ -free sample and E bound exciton in surface defect levels and is expected to be close to the localized exciton binding energy of In 2 Fig. 3 ) was also treated using the same model. However, the modified Arrhenius equation does not fit the plots well (full circles in Fig. 3 and the inset) . Unlike the In 2 O 3 NCs which are excited directly by the pump laser, the Er 3þ ions are mostly excited through energy transfer from In 2 O 3 NCs. This excitation efficiency is proportional to energy transfer efficiency g ET (T), which is also proportional to I VIS (T) of the In 2 O 3 -related emission of the same In 2 O 3 þ Er 3þ sample. Taking this into account, we find the following behavior for the Er 3þ -related PL intensity:
in which the second term (I VIS (T)/I VIS0 ) 0 has already been measured in this work (plot S2 in Fig. 3) . By fitting the S2 plots with Eq. (2), we obtained an activation energy of E actIR $ 10 meV. This fit is shown as the dashed fitting line in the inset. Various nonradiative recombination pathways are available to excited Er 3þ ions, including reverse energy transfer to NCs, energy transfer to nearby Er 3þ ions through cross relaxation and energy loss to the host matrix through phonon emission. Here, the possibility of reverse energy transfer to In 2 O 3 NCs is extremely small, due to the huge mismatch between energies of the Er 3þ excited state ( 4 F 13/2 ) and In 2 O 3 band-gap. Moreover, concentration quenching effects were not observed in samples with erbium concentration up to 5 mol. %. Based on the result that the PL intensity is strongly determined by the concentration of residual hydroxyl groups, we conclude that the excited Er 3þ ions transfer energy to the vibrations of hydroxyl groups and the dominant nonradiative recombination pathway in this system is energy transfer to the host material. Because just two vibrations of hydroxyl groups are sufficient to bridge the 
